Abstract. Although peroxiredoxin 3 (Prx3) has been reported to be involved in cervical cancer (CC) carcinogenesis, the significance of Prx3 in CC progression remains unclear. The present study was conducted to investigate the expression features of Prx3 to better understand the mechanism of tumor growth and invasion. Sixty-eight patients with invasive squamous cervical cancer were included in the present study. The status of human papillomavirus (HPV) infection was detected by hybridization and quantitative real-time polymerase chain reaction (qRT-PCR). Immunohistochemistry was performed on paraffin-embedded sections using monoclonal antibodies against Prx3 and Ki67. All samples were positive for high-risk HPV, among which fifty-six samples were positive for HPV16, seven for HPV18 and five for HPV33. The expression of HPV16 E6/E7 was significantly higher in cancer areas compared to the adjacent normal epithelial tissuses. The positive cells for Prx3 and Ki67 were significantly higher in cancer cells compared to normal epitheliums and the staining pattern of Prx3 was consistent with that of Ki67 (Pearson's correlation coefficient was 0.801, P= 0.000). The upregulation of Prx3 might be a protective response to oxidative stress in the cancer microenvironment. The expression consistency of Prx3 and Ki67 suggests Prx3 to be a potential marker for cell proliferation of CC.
Introduction
The development of cervical cancer (CC) has been causally linked to oncogenes E6 and E7 of high-risk human papillomaviruses (HPV). The HPV E6 and E7 oncogenes integrate into the genome of infected cervical cells and inactivate the tumor-suppressor proteins p53 and retinoblastoma, which results in epithelial immortalization and ultimate malignant transformation through a multistage process (1) . Due to active and indefinite growth of cancer cells, reactive oxygen species (ROS) production from the mitochondria is accordingly increased (2) . Excessive ROS is likely to induce oxidative stress and subsequent cell apoptosis through mitochondria or/ and direct injury to protein, DNA and lipid (3) (4) (5) . In fact, the chemo-or radiotherapy for cancers is through ROS increase and apoptotic induction of cancer cells (6, 7) .
Organisms have developed multiple antioxidant systems to protect against oxidative damage, among which peroxiredoxin 3 (Prx3) plays an important role in regulating cellular ROS level and apoptosis (8) . As a mitochondrial scavenger of ROS, Prx3 has been demonstrated to play an antioxidant role under cellular oxidative conditions (9, 10) and the involvement of Prx3 in CC carcinogenesis was previously reported (11) . Nevertheless, the significance of Prx3 in CC development and/or progression has not been clear. The present study was conducted to investigate the characteristics of Prx3 expression, and thereby contributing to the understanding of the mechanism of tumor growth and invasion.
Materials and methods
Patients and samples. After the approval of the Institutional Review Boards of Tsinghua University Second Hospital (Beijing, China), we collected invasive squamous cervical cancer (ISCC) samples from patients between August, 2008 and July, 2010. The samples were collected after obtaining informed consent from the patients. The samples were processed into formalin-fixed and paraffin-embedded tissue blocks. At the same time, adjacent normal epithelial tissues were used as the controls.
Examination of HPV infection. HPV-infection status of the samples was examined using HPV gene array test kit (Hybribio Limited, Hong Kong, China). Briefly, DNA was extracted from cervical tissues and amplified by polymerase chain reaction (PCR). The PCR products were then hybridized on HPV genoarray membrane that contained probes corresponding to 21 HPV types. Biotin was used as the positive control and distilled water as the negative control. The membrane was visualized through NBT/BCIP to determine the status of HPV infection. To detect HPV16 mRNA expression in CCs, we performed q u a nt it a t ive r e a l-t i m e P C R (q RT-P C R) u s i n g SYBR ® -GreenER™ Two-Step qRT-PCR kits (Invitrogen, Carlsbad, CA, USA). Total RNA was extracted from paraffin-embedded tissue sections. After cDNA synthesis, the qRT-PCR program and the calculation for HPV16 expression were performed as previously described (10) . The primer sequences for HPV16 E6/E7 were: forward, 5'-GTTACTGCG ACGTGAGGTATATG-3'; reverse, 5'-CATTTATCACATAC AGCATATGGATTC-3'. β-actin (forward, 5'-ACGTTGACAT CCGAAAGACC-3'; reverse, 5'-CCACCGATCCACACAGA GTA-3') was used as the internal control.
Peroxiredoxin 3 is a novel marker for cell proliferation in cervical cancer
Immunohistochemistry. To detect Prx3 protein in cervical tissues, we performed immunohistochemistry as previously described with a minor modification (9) . Consecutive slides were incubated using mouse monoclonal antibodies against human Prx3 and Ki67 respectively (1:1000 dilution for Prx3 and 1:150 dilution for Ki67; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). Immunohistochemical staining scores were evaluated as the percentage of positive cells and counted by two independent persons not aware of the patient information.
Results
In the present study, we included 68 patients with ISCC (age, 45.96±9.89 years). Thirty patients had FIGO stage I and 38 had stage II, of which 12 were cancer-positive in the lymph nodes. The patients did not receive chemo-or radiotherapy prior to the operation.
Expression of high-risk HPV is higher in cancer cells
compared to the adjacent normal epitheliums. As determined by the HPV genoarray test kit, all samples were infected with high-risk HPV. Among these, fifty-six samples were positive for HPV16, seven for HPV18 and five for HPV33. In the fifty-six HPV16-positive samples, the expression of HPV16 E6/E7 mRNA relative to β-actin was significantly higher in cancer samples compared to the adjacent normal epitheliums (8996±409 vs. 198±56, P=0.000 by analysis of variance). Fig. 1 , we observed strong cytoplasmic staining for Prx3 in the cancer nests and the surrounding cells or in invasive cancerous cells, while Prx3-positive cells in the adjacent epithelium were located mainly in the basal layer. The number of positive cells for Prx3 in cancerous areas was significantly higher compared to that in non-cancerous areas (65.00±21.08 vs. 41.04±13.09%, P= 0.000 by Student's t-test). Of the clinical and pathological characteristics, cell differentiation (grade) was significantly associated with Prx3 expression (Pearson's correlation coefficient was -0.648, P= 0.000). In addition, the positive cells for Prx3 in CCs were correlated with the expression of HPV16 E6/E7 (Pearson's correlation coefficient was 0.726, P= 0.000).
Expression of Prx3 and HPV16 is positively correlated in CC samples. As shown in
Expression of Prx3 and Ki67 is positively correlated in CC samples. Since Prx3 was predominantly expressed in cells with active proliferation, immunohistochemistry was performed using mouse monoclonal antibody against human Ki67. As shown in Fig. 1 , the number of positive cells for Ki67 was significantly higher in cancerous cervices compared to adjacent epitheliums (70.89±21.49 vs. 17.12±10.28%, P=0.000 by Student's t-test). Notably, the staining pattern of Prx3 was consistent with that of Ki67 ( Fig. 1; Pearson's correlation coefficient was 0.801, P= 0.000). In cancerous sections, Ki67-positive cells were located in the cancer nests and the surrounding areas or in invaded cancerous tissues, while Ki67-positive cells in the adjacent normal epitheliums were located mainly in the basal layer.
Discussion
In the present study, we demonstrated increased expression of Prx3 in CC and provided evidence that Prx3 was upregulated in the cells with active proliferation. The pattern of Prx3 expression in CC was consistent with that of Ki67, indicating that Prx3 is a potential marker for cell proliferation.
In their study, Riethdorf et al (12) demonstrated that high-risk HPV oncogenes activated telomerase and played a critical role in human carcinogenesis. High-risk HPV genomes were reported to preferentially integrate near the c-myc gene (13) . The latter cooperated with HPV E6/E7 to promote the malignant transformation of cervical epitheliums (14) . As a target gene of c-myc, Prx3 played an important role in mitochondrial homeostasis maintenance and neoplastic transformation (15) . Our findings showed that the HPV16 E6/E7 expression was increased and was positively associated with the expression of Prx3 in CC. The interaction between HPV, c-myc and Prx3 in CC development or/and progression requires additional investigation.
As an established marker for cell proliferation, Ki67 has been suggested to be a predictor for high-risk HPV infection and an independent prognostic parameter for recurrence-free survival of CC (16, 17) . Our findings showed that the Ki67-positive cells were mainly located in the surrounding areas of cancer nests or in invaded cancerous tissues, implying active growth of the cells in these areas. Since ROS production was increased in the cells with active proliferation (2), the upregulation of Prx3 in the same areas might be a natural response to oxidative stress in the cancer microenvironment. In their previous study, Nonn et al (18) reported that Prx3 played a protective role against drug-induced oxidative stress and subsequent apoptosis of cancer cells, thus it would be useful to investigate the significance of Prx3 in the prognosis, recurrence and chemo-or radiotherapy-resistance of CC.
